We present the preliminary results of Monte Carlo simulations aimed at investigating the effects of realistic dust extinction (absorption + scattering) on the colours of high-z galaxies. In this paper, we concentrate on the case of spheroidal galaxies, and we obtain attenuation curves in the range 0.1-1.2 JlDl for different dust spatial distributions, and for a range of values of the dust optical depth, geometrical thickness and inclination of the dust disc. We find that the resultant curves are strongly dependent on the dust geometrical distribution and optical depth. A serendipitous finding is that the strength of the 2200-A absorption feature depends not only on the optical depth, but also on the dust geometrical distribution. As a first application, we test our results on two high-z galaxies with extremely red colours (HR10 and HR14) in order to infer clues on their ages, dust content and dust spatial distribution. We confirm that HRlO must be a very dusty galaxy, and we suggest that its stellar component should be strongly embedded in the dust in order to reproduce the obselVed extremely red colours.
INTRODUCTION
Internal dust might seriously affect the observed properties of distant objects, and observations have indeed found evidence of dust in high-z objects. Several active galaxies with z > 2 have been detected at submillimetre wavelengths, suggesting the presence of large amounts of dust (Mdust '" 10 8 -9 M 0 ; see Hughes 1996 for a recent veview). The reddening of the background quasars and their metal abundances suggests the presence of dust in damped Lyoc absorption systems (Pettini et al. 1994; Pei & Fall 1996) . Also, the UV polarization properties of high-z radio galaxies can be explained in terms of dust scattering, suggesting a significant amount of dust in their interstellar medium (ISM) (Cimatti 1996 and references therein) . A substantial amount of dust is also expected in evolutionary models of spheroidal galaxies at high-z (Franceschini et al. 1994; Mazzei & De Zotti 1996 and references therein) .
Although dust is likely to be present in most high-z systems, no information is available either on its spatial distribution, or on how realistic dust extinction can affect our view ©1997 RAS of distant galaxies. In fact, extinction is usually treated in a simplistic way, neglecting the contribution of scattering, and assuming naive spatial distributions (e.g. uniform foreground screens or infinite slabs). Only recently have more realistic models been developed (Kylafis & Bahcall 1987; Bruzual, Magris & Calvet 1988; Witt, Thronson & Capuano 1992; Byun, Freeman & Kylafis 1994; Wise & Silva 1996; Bianchi, Ferrara & Giovanardi 1996, hereafter BFG) . Although these models have shown that dust scattering plays an important role by reducing the effects of dust absorption, no systematic studies of the effects of the extinction on the observed colours of high-z galaxies have been performed. Understanding these effects is crucial in cosmology and galaxy evolution studies.
For instance, a relevant problem arises in the age estimates of high-z galaxies. When deep spectroscopy is not available, no information is obtainable on the stellar continuum and absorption features, and the age estimates are based solely on the fitting of the broad-band photometric spectral energy distributions (SEDs) with synthetic stellar population spectra. In a simplistic scenario in which the extinction is entirely due to absorption (the screen model), it is well known that the colours of a reddened young galaxy can mimic those of an unreddened old galaxy, producing a degeneracy of the age and dust extinction. However, what happens to the integrated colours of a galaxy when dust extinction is treated more realistically is poorly known. Witt et al. (1992) suggested that the effects of realistic dust extinction on the SEDs of high-z galaxies are not strong. However, their claim was based on a single object (the radio galaxy B2 0902 + 34 atz '" 3.4), and generalized to the whole population of high-z galaxies. In addition, the continuum SED of B2 0902 + 34 turned out to be completely different from that used by Witt et al. (1992) because of a strong contamination of the K-band flux by the red-
Instead, recent studies (Franceschini et al. 1994 ) have emphasized the role of dust in the early stages of evolution of galaxies. The present optical surveys for high-z galaxies are designed to select objects with strong emission lines, such as Lyoc (see Pritchet 1994 for a review; Thompson, Djorgowski & Trauger 1995) , or galaxies with a flat continuum spectrum and with a sharp Lyman break (Steidel et al. 1996) . However, because of these selection criteria, these surveys would miss the putative population of high-z galaxies obscured by dust extinction. It is notable that the strongest evolutionary effects due to dust extinction are not expected for the galactic discs, or in disc dominated systems (Mazzei, Xu & De Zotti 1992) , but rather in early-type galaxies which, under appropriate circumstances, might experience a prolonged opaque phase (Mazzei & De Zotti 1996) . The whole issue of the effects of dust on the SEDs of high-z galaxies still remains an important, open question, especially in view of the future Infrared Space Observatory (ISO) and sub-mm data.
Extinction effects become particularly relevant in the case of high-z galaxies with very red colours, also called extremely red objects (EROs) (McCarthy, Persson & West 1992; Hu & Ridgway 1994) . In fact, these galaxies may be old and distant ellipticals, and could provide crucial clues to the first epoch of galaxy formation, Ho and qo, once their ages are derived accurately. However, they could also be very dusty high-z galaxies, the intrinsic colours of which are strongly reddened by dust extinction. The main problem is that the degeneracy of the age and the dust extinction becomes maximized in this class of objects because of the similarity between the colours of a genuinely old galaxy and those induced by foreground screen reddening. The main questions are then: -how much realistic dust extinction can mimic the colours of an old galaxy? and if these galaxies are dusty, is it possible to learn something about the spatial distribution of the dust by modelling their SEDs?
Motivated by the general lack of information on the effect of dust extinction on the SEDs of high-z galaxies, we have started an extensive study aimed at investigating the relevance of these effects. In this paper, we focus on the case of spheroidal galaxies, present the first results, discuss an application to the case of extremely red galaxies, and show a serendipitous result about the strength of the 2200-A dust absorption feature in external galaxies. More general results and applications will be presented in a forthcoming paper.
MONTE CARLO SIMULATIONS
As a first attempt to study the effects of dust extinction, we investigate the case of spheroidal galaxies. The stellar density profile pstak) is modelled as a Jaffe bulge (see BFG), which reproduces the surface brightness rl/4 profile characteristic of elliptical and bulge systems (de Vaucouleurs 1959) . We adopt an effective radius re=4 kpc, representative of nearby elliptical and bulge systems (Binney & Tremaine 1987) , and the distribution is truncated at a radius rmax = 5re =20 kpc (see BFG for more details).
Dust extinction has been treated by using Monte Carlo simulations of realistic radiative transfer in dusty galaxies (i.e. considering the extinction as the combination of absorption and scattering). The details of the model are not repeated here and can be found in BFG. However, it is important to recall here that we assume Galactic dust: in our model the grains are supposed to be spherical and to have a size distribution given by the MRN model (Mathis, Rumpl & Nordsiek 1977) , n (a) cx::a -35, where a is the grain radius. We consider three materials: astronomical silicates, II graphite and 1. graphite. The numerical silicates/graphite ratio is 1:1.12, with 1/3 of a graphite having optical properties measured parallel (II), and 2/3 perpendicular (1.) to the c-axis. The lower and upper limits of the distribution are a _ = 0.005 J.Illl and a + = 0.25 J.Illl, irrespective of the material. Very small grains and polycyclic aromatic hydrocarbons (P AHs) have not been included because of the large uncertainties both in their size distribution and their optical constants. The dielectric constants adopted are the ones given by Draine & Lee (1984) , recently extended in the far-UV and X-rays by Martin & Rouleau (1991) . All the relevant optical properties (absorption and scattering crosssection, albedo) have been calculated using Mie formulae.
We tested three different spatial distributions for the dust within the galaxies. Model A is a homogeneous disc with constant dust density Pdust and with radius rd=rmax=20 kpc equal to that of the stellar distribution. We considered three different values ofthe geometrical half-thickness of the disc, Zd = 70, 250, 500 pc, and the three different inclinations to the line of sight, i=lO°, 45°,900 (edge-on). Model B is a homogeneous spherical distribution with radius r d = r max = 20 kpc equal to that of the stellar bulge, where the dust is intermixed with the stars and has constant density [pdust(r) = constant]. Model C is a spherical distribution in which the dust is intermixed with the stars, but its density follows the same radial distribution of the stellar compo-
Model A can be considered representative of a spheroidal galaxy in which the dust is located in a disc, similar to what is actually observed in a number of nearby eUipticals (Goudfroij 1996 and references therein). On the other hand, in models B and C, the dust is interspersed with the stars. In particular model B, although simplistic, can mimic a very dusty spheroidal galaxy in which the stars are strongly embeded in the dust, and it is somehow similar to the classic foreground screen model, i.e. where the dust has a large geometrical covering factor, and where dust absorption dominates. Finally, model C can be considered representative of a spheroidal galaxy in which the dust is distributed more realistically, following the same gravitational potential as the stellar component. We are aware that high-z galaxies may have different distributions of dust, and that models A, B and C have simplistic geometrical configurations. However, these models allow us to test the observed SEDs of high-z galaxies in a broad variety of circumstances, from very dusty cases (model B) to cases in which the dust is located only in a disc (model A), and have the capability to treat dust extinction realistically, i.e. taking into account both absorption and scattering.
In addition to the above geometrical parameters, each model is characterized by the value of the optical depth in the Vband in the rest frame of the galaxy, 'tv, along a line of sight passing through the centre of the galaxy for models A and B (perpendicular to the plane, in the disc case). In the case of model C, because of the central cusp of the r lJ4 law, it is preferable to define 'tv for a line of sight at projected distance 1.6re from the centre (see BFG). The simulations were carried out for a range of 'tv from 0.1 to 10, and for 28 wavelengths in the range 0.1-1.2 1JlD.
RESULTS

Attenuation curves
From the Monte Carlo simulations we obtain the attenuation curves d).
[defined as the ratio of the observed dustextincted total intensity, Iobs(A), to the intrinsic, unextincted one of the galaxy, 10 (A)] as a function of wavelength for different values of't"v, Zd and i (see Fig. 1 ).
As expected, in the case ofthe disc (model A) with i = 90°, we find an almost fiat d). for any value of 'tv and Zd (i.e. no On the dust extinction in high-z galaxies L4S effect on the colour). For inclinations i < 90°, we find instead a strong dependence of d). on 'tv, whereas the dependence on Zd and on i is much weaker. A representative case, Zd = 250 pc and i = 45°, is shown in Fig. 1 : the shape of the curve changes significantly from 'tv'" 0.1-1.0 to 'tv> 1.0, and the depth of the 220-A feature varies considerably, reaching a maximum for 'tv'" 1, becoming weaker for larger 'tv, and almost disappearing for 'tv> 4. Regarding the case of the disc, it is important to note that we found that an exponential distribution of the dust within the disc does not produce any relevant difference with respect to the case of a disc with a constant dust density.
For the bulge with constant dust density (model B), also shown in Fig. 1 , the slope steepens considerably for 'tv> 1, ~d the depth of the 2200-.A feature shows remarkable variations as a function of 'tv" Moreover, at a given 'tv, model B produces attenuation curves much redder than in model C.
In summary, for a given 'tv there are appreciable differences between the three models in terms of the slope of the d). and strength of the 2200-.A feature. A detailed analysis of these results will be presented in a forthcoming paper.
3.2 The 2200-A feature and its absence in external galaxies
The absence or weakness of the 22oo-.A absorption feature has recently been debated extensively (Calzetti, Kinney & Storchi-Bergmann 1994 and references therein; see also Calzetti et al. 1995 L46 A. Cimatti et al. feature is expected but not observed in galaxies which are known to be dusty from their emission line ratios and UVoptical continuum properties. The absence of the feature has usually been ascribed either to a different dust chemical composition or to scattering effects which compensate for the dust absorption.
Our study shows that a peculiar chemical composition of the dust grains, or the role of scattering, may not be the only causes to explain the lack or weakness of the 22oo-A feature in external galaxies. Fig. 1 clearly shows how the strength (measured by its equivalent width) of the 22oo-A feature is a strong function of both the optical depth and of the geometry. The feature shows strong variations as a function of the optical depth within each of the models A, B and C. For instance, in model A (disc case) its equivalent width varies remarkably depending on 't"v, reaching a maximum value of '" 500 A at 't"v'" 1 and decreasing to '" 65 A at 't"v'" 6. In addition, strong variations are also evident, for a fixed 't"v, as a function of the geometry of the dust extinction. For instance, for 't"v= 1, the 22oo-A feature displays large differences among the models A, B and C. In this regard, it is important to note that, at least for the disc distribution (model A), the feature is strongly weakened or suppressed because the emission from opaque galaxies is mostly contributed by stars outside the dust disc and hence unaffected by absorption.
The strong variations of the feature as a function of the geometric configuration suggest that the compensating effect of scattering may not be the only way to reduce the strength of the feature, and that the geometry may have a dominant influence. It is important to recall here that the main contribution to the bump comes from small (a::;; 0.1 JlID.) graphite grains; for the dust composition here adopted, the weighted average radius at this wavelength is in fact ",0.05 JlID.. Correspondingly, the albedo is rather low, < OJ ) ~ 0.2, and the scattering phase function rather isotropic, <g) ~ 0.2. Thus, it seems unlikely that scattering is the main, or the only, origin of the weakness of the 2200-A feature compared to the pure absorption case. However, a more detailed analysis is required to answer this question unambiguously.
Although our results suggest that the strength of the 22oo-A feature may be a strong function of the geometrical effects, they do not rule out the possibility that external galaxies may have chemical grain properties different from those of our Galaxy. In fact, it is important to recall that the 22oo-A feature is weak in the LMC, and absent in the SMC (Prevot et al. 1984) . The issue of the 22oo-A feature will be investigated in detail in our forthcoming paper.
APPLICATION TO EXTREMELY RED GALAXIES
As a first application, we investigate the effects of dust extinction on the SEDs of two extremely red galaxies at high-z. Extremely red objects (i.e. R -K > 6) are found both in random sky fields and in active galactic nuclei (AGN) fields (Elston, Rieke & Rieke 1988; McCarthy et al. 1992; Hu & Ridgway 1994) . Since their colours may be strongly affected by dust extinction, these galaxies represent an interesting application of our models, and suitable objects to investigate the level at which the SEDs of dusty younger galaxies can mimic those of old ellipticals once we treat dust extinction in a realistie way, and to constrain the spatial distribution of the dust.
We have selected from the literature two extremely red galaxies, HR10 and HR14, for which the best optical-IR photometric SEDs are available (Hu & Ridgway 1994; Graham & Dey 1996) . Our study is more concentrated on HR10, the only ERO with a spectroscopically determined redshift.
We attempted to fit the SEDs of HR10 and HR14 with synthetic stellar population spectra, and applied the attenuation curves derived by our models in order to take into account the possible dust extinction occurring in these galaxies. In our experiments we made use of the synthetic, unextincted, stellar population spectra of Bruzual & Charlot (1993) , with instantaneous burst of star formation, solar metallicity, and Salpeter initial mass function. Fig. 2 shows our results for HR10, a galaxy atz = 1.44 with a colour index I -K' =6.5. Since its quoted B-band flux is not statistically significant (",2.2a level), we adopt a 3a upper limit. We also correct for the ",20 per cent H-band flux contamination from the Ha line. Graham & Dey (1996) , adopting a foreground screen dust absorption model, found that the SED or HRlO cannot be reproduced without dust extinction. Our independent analysis confirms that dust extinction must play an important role in HRlO, and even very old (i.e. very red) stellar populations (up to 7 Gyr) cannot reproduce its SED without extinction. However, our modelling allows us to go a step further, and to derive clues as to the spatial distribution of the dust in HR10. In fact, we find that model A (dust disc) cannot fit the data because the observed colours are always too red compared to those produced by this model for any 't"v, age, Zd and i. Model C allows a better fit to the SED, but the reddening is still not sufficient to match the I -K' colour. We find that only model B gives an acceptable fit to the SED (age '" 1 Gyr and 't"v= 6). The SED can also be fitted by a 1.0 Gyr old population reddened by a dust foreground screen with 't"v= 1.54 [or E (B -V) = 0.55, adopting the Galactic relation A v'" 3E (B -V)]. If we take these results at face value, we infer that the dust in HRlO is not distributed in a disc, and may be interspersed with the stars in a way that dust absorption dominates, resembling the effects of a simple screen model, i.e. the stars may be strongly embedded in the dust. This also shows how such modelling may provide new clues as to the internal dust distribution in unresolved distant galaxies. The Ha emission line properties observed by Graham & Dey (1996) suggest that HRlO may be a very dusty galaxy with star formation and/or AGN activity. Adopting the model B with 't"v=6 and a 1-Gyr-old stellar population, we estimate that the rest frame dereddened K-band absolute magnitude is MK,.,. = -27.5 (Ho = 50 km S-l Mpc-l, Qo=O.5), about nine times brighter than M~ of the luminosity function of the local field galaxies (Mobasher, Sharples & Ellis 1993) . Fig. 3 illustrates the results relative to HR14, a galaxy with I -K' =6.2 (Hu & Ridgway 1994) . The case of this galaxy is more ambiguous because its spectroscopic redshift is not known. Hu & Ridgway (1994) estimated a photometric redshift Zphot = 2.3, with a ± 3a acceptable fit range 1.8 <z < 3.0. Although its redshift is uncertain, we have decided to investigate the case of this galaxy in three dif- On the dust extinction in high-z galaxies IA7 Hu & Ridgway (1994) , and the case of z=2.3 is shown. The curves are synthetic stellar population spectra which provide acceptable fits to the observed SED. The SED of HR14 can be also fitted with an unextincted old stellar population spectrum.
lA8 A. Cimatti et aL ferent cases: z = 1.8,2.3 and 3.0, which represent the acceptable range of photometric redshifts. For z = 1.8, we find that its SED can be reproduced successfully without any dust extinction and with very old stellar populations (~4 Gyr). However, if dust extinction is taken into account, the SED can be fitted within the errors by models A. B and C, and with a wide range of stellar population ages and tv (for instance, model A: tv'" 3.0, age 1.6 Gyr; model B: tv'" 2.0, age 1.6 Gyr; model C: t v",2.0, age 2 Gyr). For z=2.3, the results are shown in Fig. 3 . The main result does not differ much from the case of z = 1.8: shifting HR14 to z = 2.3 has the effect of requiring younger ages for all cases compared to z = 1.8. It is also interesting to note that the foreground screen (absorption only) requires t v ",0.84. For z=3.0, we find results almost identical to those of z = 2.3, except for the tv=O case, where the SED is best fitted with a slightly lower age (2.5 Gyr insead of 3.0 Gyr). As a general result of this study, we note how realistic dust extinction (i.e. absorption + scattering) requires larger dust optical depths compared to the case of the pure absorption screen model (see also Witt et al. 1992) . This is evident for example in Fig. 1 , where in order to produce the same amount of reddening, it is required that E (B -V) = 0.55 (i.e. tv'" 1.5), and tv'" 6 for the screen model and model B respectively.
Can HRlO be a dusty quasar?
Hu & Ridgway (1994) found that the surface density of EROs is comparable to that of quasars. This result raises the question of whether EROs are dusty quasars and AGN missed by optical surveys. We concentrate this discussion on HR10, the only ERO with a useful set of data with which to attempt to answser this question. First of all, it is necessary to check whether the photometry of HR10 may be contaminated by strong emission lines, such as [0 m] .U4959 + 5007 in the I band. Let us suppose that HR10 is a heavily obscured quasar. Adopting a typical ratio [0 m]/Hx~0.25 observed in Seyferts/quasars (Netzer 1990) , and using the observed Hoc flux (Graham & Dey 1996) , we find that the I-band flux contamination is small « 8 per cent). We attempted to fit the SED ofHR10 with a reddened quasar spectrum and a foreground dust absorption screen model. For this purpose, a point-like source (the quasar nucleus) embedded in a dusty medium, the screen model is a good approximation for the dust extinction. For the quasar spectrum, we used the average spectrum of the radio-quiet quasars of Cristiani & Vio (1990) , because HR10 is a radio-quiet object.
We find that the SED of HR10 cannot be reproduced with a reddened quasar spectrum for a wide range of E (B -V). We also tried to use flatter (Fvocv -0.2) and steeper (Fvocv -1.2) quasar spectra in order to take into account the dispersion of the slope of the average quasar spectrum, but we always found that the SED could not be reproduced by a reddened quasar spectrum.
Therefore, although the Hoc + [N II ]-line luminosity (3 x 10 42 hlfi; erg S-I: Graham & Dey 1996) may be comparable to that of Seyfert Is and quasars, our analysis of the SED suggests that the spectrum of HR10 is not dominated by AGN radiation. However, the large full width at half maximum (FWHM) of the line (7000 ± 3000 km S-I) seems to favour the presence of an AGN, or to indicate that part of the radiation comes from an active nucleus with broad lines. Deeper observations are needed to establish the value of the FWHM, which is only marginally significant.
SUMMARY AND CONCLUSIONS
We have presented the preliminary results of a set of simulations aimed at studying the effects of realistic dust extinction on the colours of high-z galaxies. As a first attempt, we have considered three different spatial distributions of the dust in spheroidal galaxies, adopting Galactic dust grain properties. A serendipitous finding is that the 2200-A feature is generally much weaker than in the foreground absorption screen model. The weakening of the feature is particularly evident in the case of a disc of dust in a spheroidal galaxy, where the feature can be almost absent. We find that the equivalent width of the 2200-A feature depends on the dust distribution, geometry and optical depth. We suggest that this effect is mostly a geometrical one, and that it might be one explanation of the failure of the detection of the 22oo-A feature in external dusty galaxies. However, other causes of the non-detection of the 22oo-A feature, such as different chemical compositions of the dust grains, cannot be ruled out by the present results.
As a first application of our extinction curves, we consider the case of two extremely red galaxies at high redshift, HR10 and HR14, in order to constrain the ages of their stellar popUlations, the amount of dust, and the dust geometrical distribution. Our results confirm that HR10 must be a very dusty galaxy, and allow us to constrain the spatial distribution of the dust in this object. However, we find that a strong degeneracy between the age of the stellar population and the dust extinction is present in both galaxies. In the case ofHR10, we find that its colours can be reproduced by a 1-Gyr-old stellar population and tv'" 6 (model B). Its dereddened rest frame K-band absolute magnitude, MK_ = -27.5, is just beyond the highest luminosities of the local field galaxies.
For HR14, although the redshift is poorly constrained, we find that its SED can be reproduced without extinction and with an old stellar population (2.5-4.0 Gyr) over the wide range 1.8 <z < 3.0. This makes HR14 a good candidate for a mature galaxy at z > 1.8. However, if dust extinction is present, the age can be lowered down to 0.8 Gyr for tv'" 2-3 and for a broad range of dust spatial distributions. It is important to note that the main results on HR14 are not strongly dependent onz, if 1.8 <z < 3.0. IfHR14 would tum out to be at the same redshift of HR10, we would find results very similar to those obtained for HR10 because of their similar I -K' colours. We also explore the possibility that HR10 is a heavily obscured quasar, but we find that its SED cannot be reproduced by a reddened quasar spectrum. However, the present data cannot exclude the possibility that part of the radiation in HR10 is due to an AGN.
Since realistic dust extinction requires larger optical depths compared to screen models (see also Witt et al. 1992) , it is important to estimate the total amount of dust required by our models. For standard values of the average grain size (a'" 0.1 ~) and density (15 '" 2 g em -3), the total dust mass in these galaxies is in the range M dust ", l5aR ~ax tv= 10 8 -9 Me!) for tv= 1-10, respectively. In particu-lar, taking into full account the dust composition, our models have Mdust=k'tv 10 8 M 0 , where k depends on the model geometry (kA=1.21, kB=0.81, kc = 0.35). These masses are comparable with those derived for several active high-z galaxies by submillimetric observations (Hughes 1996) .
The existence of a population of extremely red galaxies, whose colours can be explained only in terms of strong dust extinction, may be relevant to our understanding of the galaxy evolution. In fact, a dusty phase is predicted to occur during the early evolution of spheroidal galaxies (Franceschini et al. 1994; Mazzei & De Zotti 1996 and references therein; Zepf & Silk 1996) . If this is correct, a substantial population of dusty galaxies might be expected to be present in the early Universe. These galaxies would be missed by the current optical selection criteria used to find high-z galaxies (see Pritchet 1994; Steidel et al.1996) . However, they would be selected by deep surveys in the sub-mm spectral range, where the redshift dust thermal emission should peak (Blain & Longair 1993) . It is tempting to speculate whether the population of very red galaxies recently found by deep optical and near-IR imaging (Hu & Ridgway 1994; Knopp & Chambers 1997; Hogg et al. 1997 ) may be somehow related to this putative family of high-z galaxies hidden by dust obscuration. Future multiwavelength observations of the extremely red galaxies will provide new clues as to their nature and role in the picture of galaxy evolution.
